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Abstract 

Nb, F-codoped Ti0 2 hollow spheres (NFTSs) were successfully synthesized via a hydrothermal method with niobium 
oxide, hydrofluoric acid, and tetrabutyl titanate. The obtained spheres were hollow, with a diameter of about 2 |um, 
and the sphere wall was made up of nanorods arranged close together. The NFTSs presented anatase phase with 
more {001} facets exposed, which could be mainly attributed to F ions which were preferentially adsorbed on the 
{001} facets during the crystal growth process. Ti 3+ states in NFTSs were increased due to Nb, F-codoping, resulting 
in the decrease of the band gap and the red shift of the absorption edge of the NFTSs. The NFTSs exhibited 20.1% 
higher photocatalytic speed compared to P25 on the degradation of methylene orange. 
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Background 

Among various oxide semiconductor photocatalysts, Ti0 2 
has been studied extensively and considered to be the 
most appropriate for applications in the environmental 
field because of its biological and chemical inertness, cost 
effectiveness, strong oxidizing power, and long-term sta- 
bility against chemical corrosion and photocorrosion [1]. 
The photocatalytic ability of Ti0 2 is strongly affected by 
morphologies, phase structures, macroscopic structures, 
and so on [2-10]. In addition, the surface property is a key 
factor influencing the photocatalytic activity [2], The sur- 
face density for the {001} facets has been demonstrated to 
be higher than that for other facets with undercoordinated 
Ti atoms [11]. The exposed {001} facets of anatase Ti0 2 
have been proven to possess high surface energy, which 
induces high reactivity [12,13]. Therefore, photocatalysts 
with higher reactivity can be obtained by controlling the 
exposed crystal facets of Ti0 2 [14]. 

Moreover, to improve the photocatalytic activity of tita- 
nia, reducing the band gap has been proven as a valid ap- 
proach. An effective way to red shift the absorption edge 
can be achieved by doping one kind of element, such as F, 
Nb, and Mn [15-18], After doping, Ti 3+ states in Ti0 2 in- 
crease effectively. The existence of Ti 3+ plays an important 
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role on the enhancement of the photocatalytic activity [15]. 
Thus, the use of codoping by two or more elements is re- 
ported to result in a significant improvement for increasing 
the photocatalytic activity, such as Nb and N [19,20], Zr 
and Y [21], and F, B, and Si [22]. In our previous work, tita- 
nia micron beads codoped with Nb and F were synthesized 
and used in DSSCs with beneficial result [23]. 

In this paper, the Nb, F-codoped Ti0 2 hollow spheres 
(NFTSs) were synthesized via a facile hydrothermal process 
using niobium oxide and hydrofluoric acid as codoping 
source. The phase structure, morphology, chemical com- 
position, band gap energy, and photocatalytic activity of 
the obtained product were investigated. 

Methods 

Preparation of NFTSs 

All chemicals, including tetrabutyl titanate, niobium 
oxide (Nb 2 0 5 ) powder, hydrofluoric acid, and lactic acid, 
were of analytical grade and used as received without 
further purification. 

Nb 2 0 5 was dissolved using hydrofluoric acid to ob- 
tain a clear and transparent solution. The Ti precursor 
was prepared using tetrabutyl titanate chelated with 
lactic acid. Then, the solution was dropwise added into 
the Ti precursor. Finally, deionized water was added to ob- 
tain a clear aqueous sol precursor, including Ti 4+ , Nb 5+ , 
and F" with concentrations of 0.5, 0.01, and 5.0 M, 
respectively. 
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The sol precursor was transferred into a Teflon auto- 
clave and then heated at 110°C for 20 h, followed with 
20 h at 180°C in the furnace. The resulting precipitates 
were filtrated, centrifuged and washed with deionized water 
and alcohol, and then dried at 50°C overnight in an oven. 

Characterization of the NFTSs 

The phase identification and crystal structure of the sam- 
ples were measured by powder X-ray diffraction (XRD, 
Xpert PRO, PANalaytical, Holland, The Netherlands) with 
a monochromatized source of Cu Ktxl. The sample 
morphology was characterized with a field-emission scan- 
ning electron microscope (SEM, JEM-6700 F, JEOL Ltd., 



Tokyo, Japan) and a transmission electron microscope 
(TEM, JEM-2100, JEOL Ltd., Tokyo, Japan). The chemical 
composition of the sample was recorded by X-ray photo- 
electron spectroscopy (XPS, AXIS-Ultra DLD, Kratos Ana- 
lytical Ltd., Manchester, England) with a monochromatized 
Al Ka X-ray source. UV-visible diffusion reflectance spec- 
troscopy measurements were carried out on a U-4100 
spectrophotometer (Hitachi Co., Tokyo, Japan) equipped 
with a diffuse reflectance integration sphere attachment. 

Photocatalytic activity measurements 

Photoirradiation was carried out with a 300-W Xe arc 
lamp fitted with an AM 1.5G filter to give a simulated 
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Figure 3 UV-visible diffusion reflectance spectra of the NFTSs 
and P25. Inset: plots of {ahv) ]/2 versus photon energy {hv). 



light irradiance with an intensity of 100 mW cm" 2 . 
Photocatalytic activity was evaluated by the photodegra- 
dation of methyl orange (MO), whose initial concentra- 
tion was 20 mg L~\ Before irradiation, the suspensions 
(0.1 g L" 1 ) were ultrasonically dispersed in the dark for 
60 min to ensure adsorption equilibrium. After irradi- 
ation, the absorbance of the MO solution was measured 
at regular intervals with a UV-vis spectrophotometer 
(UV-3300PC, Mapada, Shanghai, China). 

Results and discussion 

The SEM image of the NFTSs is displayed in Figure la. 
The hollow sphere structure is further corroborated by the 
corresponding SEM image (Figure lb), which displays 
some broken ones. As shown, the outside diameter of the 
spheres is above 2 (im, while the inner diameter of the 
hollow section is about 1 |im. In the TEM image 
(Figure Id), a number of nanorods with an average width 



of 20-30 nm and length of about 0.5 (im were arranged 
close together to form the sphere wall. 

The NFTSs can be defined as anatase by the selected area 
electron diffraction (SAED) image (Figure lc). Figure If 
shows the normalized XRD pattern of the as-prepared 
NFTSs and P25. The peaks of the former can be accur- 
ately attributed to anatase Ti0 2 according to JCPDS no. 
21-1272 without any other phase. The relative ratio of 
the diffraction peak (004) of NFTSs (27.6%) based on 
integration of area is higher compared to that of P25 
(19.1%). This demonstrates that the {001} facets for the 
NFTSs have been enhanced. 

As known [2,14,24], the surface energy and reactivity 
of the {001} facet are relative higher than those of other 
facets in the anatase Ti0 2 . During the process of Ti0 2 
crystal growth, fluorine ions in the sol precursor were 
preferentially adsorbed on the {001} facets, which retarded 
the growth and facilitated the formation of {001} facets. 
As shown in the high-resolution transmission electron 
microscopy (HRTEM) image (Figure le), the crystal 
faces paralleling to the top and bottom of the nanorods 
are {001} facets. Therefore, the XRD result displays that 
more {001} facets are exposed in NFTS sample, which 
implies better photocatalytic reactivity. 

The XPS spectra of the NFTS sample are illustrated in 
Figure 2. The XPS spectra show obvious Nb 3d and F Is 
peaks at about 207 and 685 eV, respectively. For the Ti 
2p3/2 peak, the binding energy of Ti 3+ (457.8 eV) [25] is 
lower than that of Ti 4+ (458.8 eV) [26]. The shape and 
position of the Ti peaks can be assigned as a mixture of 
Ti 4+ and Ti 3+ states, as shown in Figure 2d. The gener- 
ation of the Ti 3+ states is due to the introduction of Nb 
and F [15,20]. The existence of Ti 3+ centers in Ti0 2 en- 
hances the photocatalytic activity of the sample [15]. 

In Figure 3, the UV-visible diffusion reflectance spectrum 
of the anatase NFTSs shows an obvious red shift in the 
absorption edge compared with P25. This result clearly 
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directs a decrease in the band gap energy (E g ) of NFTSs, 
which can be obtained from a plot of (ahv) m versus pho- 
ton energy (hv). The narrower band gap could cause a 
lower oxidation power of the photoinduced holes [2], 
which suggests higher photocatalytic activity. 

The absorption peak of the MO solution appears at 
467 nm, as shown in Figure 4a. With the time prolonga- 
tion of irradiation, the peak value declines rapidly due to 
NFTSs. To evaluate the photocatalytic activities of the 
NFTSs and P25 on degradation of MO, the functions of 
\n(A 0 /A) versus time are plotted in Figure 4b, where A 
denotes the absorption of MO changing with illumin- 
ation time and A 0 the initial absorption at 467 nm. The 
plots are linear, and the slope k can represent the photo- 
catalytic speed (min 1 ) of the powder. The NFTSs 
(^nftss = 5.61 x 10" 3 ) show 20.1% higher photocatalytic 
speed than P25 (k P2 5 = 4.67 x 1(T 3 ). The higher photo- 
catalytic performance of the NFTSs can be ascribed to 
the more exposed {001} facets with higher reactivity, in- 
creased Ti 3+ states, and decreased band gap caused by 
Nb, F-codoping and the unique hollow structure, which 
allows multi-reflections of electromagnetic waves to 
absorb more incident light [8,9] and provides more 
active reaction sites. Additionally, the NFTSs can be 
readily separated from the suspension by sedimenta- 
tion and filtration after photocatalytic reaction, which 
are obviously superior to P25. Consequently, the NFTSs 
possess a favorable photocatalytic activity on the degrad- 
ation of MO. 

Conclusions 

In summary, the anatase NFTSs with more {001} facets 
exposed and lower band gap energy were successfully 
prepared using a facile hydrothermal method though 
Nb, F-codoping. The prepared NFTSs were proven to 
possess 20.1% higher photocatalytic speed than P25 on 
the degradation of MO. The NFTSs demonstrate a fa- 
vorable photocatalytic activity, and they are expected to 
find extended applications in environment and solar en- 
ergy fields. 
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